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ODONTOMETRIC PATTERNS IN THE RADIATION OF EXTANT
GROUND-DWELLING SQUIRRELS WITHIN MARMOTINI
(SCIURIDAE: XERINI)
H. THOMAS GOODWIN*
Biology Department, Andrews University, Berrien Springs, MI 49104, USA
I document odontometric variation across ground-dwelling squirrels of the Holarctic tribe Marmotini. Dental
size, which correlates well with published average body mass values across species, accounts for most
odontometric variation across the clade. Dental shape variation primarily reflects relative size of P3 (upper
cheek teeth) and relative width of p4–m1 + length of m3 (lower cheek teeth). Shape variables and relative tooth
crown height covary significantly across species, suggesting a common functional complex or shared genetic
control. When dental morphology is mapped on published DNA-based phylogenies, Sciurotamias (Chinese rock
squirrels), Ammospermophilus (antelope squirrels), and basal subgenera within Spermophilus (ground squirrels
[Callospermophilus and Otospermophilus]) are shown to retain inferred primitive dental morphology—small to
moderate dental size, relatively small P3, relatively narrow p4–m1 + shortened m3, and relatively low tooth-
crown height. Other clades depart from this morphotype in size (very small in Tamias [chipmunks] and very
large in Marmota [marmots]), tooth shape (especially 2 clades representing Eurasian and North American
subgenus Spermophilus), or in both attributes (notably Cynomys [prairie dogs]), with frequent homoplasy. A
plot of odontometric distance against published estimates of divergence time between sister clades suggests a
roughly ‘‘clocklike’’ accumulation of odontometric change through time but highlights episodes of rapid
odontometric evolution during the origins of Marmota, Cynomys, and Spermophilus parryii (arctic ground
squirrel).
Key words: Ammospermophilus, Cynomys, Marmota, Marmotini, morphometrics, Sciurotamias, Spermophilus, Tamias,
teeth
The tribe Marmotini is a diverse clade of ground-dwelling
squirrels that is currently placed within the sciurid subfamily
Xerinae (Steppan et al. 2004; Thorington and Hoffmann
2005). As presently constituted, the tribe includes Sciurota-
mias (Chinese rock squirrels), Tamias (chipmunks), and a
diverse Holarctic assemblage that contains Ammospermophi-
lus (antelope squirrels), Spermophilus (ground squirrels),
Marmota (marmots), and Cynomys (prairie dogs).
Studies based on DNA have identified 8 major clades within
Marmotini (lettered A–G in Fig. 1A) and illuminated
phylogenetic relationships within and across these clades
(Fig. 1). Sciurotamias (clade A) may lie within Xerinae but
outside Marmotini (Mercer and Roth 2003), or it may be
positioned within the tribe—either basally or as sister taxon to
the basal Tamias (Steppan et al. 2004). Tamias (clade B)
likewise places at or near the base of the marmotine clade
(Herron et al. 2004; Mercer and Roth 2003; Steppan et al.
2004), is unambiguously monophyletic, and contains 7 well-
supported lineages or species groups (Banbury and Spicer
2007; Piaggio and Spicer 2001).
Studies of higher ground squirrels within Marmotini
recognize 6 clades that remain stable across methods of
inference (clades C–H; Fig. 1), but relationships among these
clades are not well resolved because of conflict between
maximum-parsimony (Fig. 1A) and Bayesian (Fig. 1B) phy-
logenetic hypotheses (Harrison et al. 2003; Herron et al.
2004). These clades often do not reflect current taxonomy.
Clade C includes Ammospermophilus and part of the subgenus
Otospermophilus; clades F and G split Eurasian and North
American members of the subgenus Spermophilus, respec-
tively; and clade H incorporates Cynomys and the ground
squirrel subgenera Ictidomys, Xerospermophilus, and Polioci-
tellus. Placement of Cynomys in clade H conflicts with
morphological evidence for a close relationship between
Cynomys and clade G (Black 1963; Bryant 1945; Goodwin
2008).
* Correspondent: goodwin@andrews.edu
E 2009 American Society of Mammalogists
www.mammalogy.org










al/article/90/4/1009/847227 by guest on 22 February 2021
FIG. 1.—Phylogenetic relationships among marmotine clades based on mitochondrial cytochrome-b sequence data (Herron et al. 2004).
Figure depicts all taxa examined in the present study and shows distribution of dental size and shape variables (lower principal components 1 and
2 [PC1 and PC2, respectively]). A) Maximum-parsimony consensus tree that shows major clades (A–H) and numbered nodes that correspond to
data points in Fig. 5. B) Bayesian majority-rule tree that displays subclades. Uncertainty in character reconstruction depicted for dental size
(PC1); 1 of several character reconstructions for dental shape (PC2) is depicted for each tree.
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The DNA-based phylogenies provide occasion to explore
the clade’s morphological evolution as it has exploited varied
ecological opportunities through space and time. As one
example, mapping body size to these phylogenies would be
useful because this attribute varies greatly across marmotine
squirrels (average body mass by species and sex ranges from
,45 to 8,000 g [Hayssen 2008b]) and is biologically
informative (Eisenberg 1990; McNab 1990).
Dental morphology may be particularly instructive for such
studies because it varies considerably across marmotine
squirrels (Bryant 1945), can predict body size (Martin 1990),
offers insight into dietary adaptation (Evans et al. 2006),
and allows incorporation of data from the rich Miocene–
Pleistocene fossil record of the clade (Black 1963; Goodwin
2008) into evolutionary studies. Previous studies include a
qualitative study of dental morphology across marmotine and
other sciurid clades (Bryant 1945) and detailed application of
odontometric methods to address phylogeographic problems
in Marmota (Polly 2003), but none have yet provided a broad-
based odontometric study of the clade in phylogenetic context.
The present study seeks to document odontometric variation
and elucidate patterns of odontometric evolution across all 8
extant clades within the tribe Marmotini. To accomplish these
purposes, I characterize dental size variation and its associ-
ation with body mass across the tribe, identify a set of dental
shape variables that covary across species, show how
marmotine clades are distributed in odontometric morpho-
space, map representative odontometric traits onto DNA-
based phylogenies, and explore how odontometric distances
between marmotine clades correlate with published estimates
of divergence time.
MATERIALS AND METHODS
Selection of reference phylogenies, taxa, and samples.—I
used the most comprehensive published maximum-parsimony
and Bayesian phylogenetic hypotheses for Marmotini (based
on the mitochondrial cytochrome-b sequence) as reference
phylogenies for this study (Herron et al. 2004). I added
Sciurotamias davidianus (Père David’s rock squirrel) based on
Steppan et al. (2004) and Ammospermophilus insularis
(Espiritu Santo Island antelope squirrel) based on Alvarez-
Castaneda (2007). Major clades were lettered sequentially
from base to crown along the maximum-parsimony tree (A–H;
Fig. 1A); some clades were divided into subclades (Fig. 1B).
I examined a set of Tamias species (clade B; 7 of 25) that
sample all recognized subgenera (Thorington and Hoffmann
2005) and species groups of that genus (Banbury and Spicer
2007; Piaggio and Spicer 2001); a selection of species of
Sciurotamias (clade A; 1 of 2), Eurasian Marmota (clade E; 4
of 8), and Eurasian Spermophilus (clade F; 7 of 14) based on
availability in visited museums (Field Museum of Natural
History [Chicago, Illinois] for Sciurotamias and National
Museum of Natural History [Washington, D.C.] for Eurasian
Marmota and Spermophilus); all currently recognized North
American species of the genera Ammospermophilus (clade C1;
5), Spermophilus (clades C2, D, G, and H1–H3A; 26), and
Cynomys (clade H3B; 5); and all but 1 North American species
of Marmota (clade E; 5 of 6). The exception, M. vancouver-
ensis (Vancouver Island marmot), was not available in
mammal collections visited during the study. Subspecies of
2 North American ground squirrels were treated as species,
either because their phylogenetic distribution suggests sepa-
rate species status (subspecies of S. mollis [Piute ground
squirrel]—see Harrison et al. 2003), or because preliminary
analysis suggested significant odontometric difference be-
tween them (subspecies in S. mexicanus [Mexican ground
squirrel]).
I selected 5 adults (identified by fully erupted adult teeth)
with unworn to moderately worn cheek teeth, preferentially
selecting specimens with unworn to lightly worn teeth, for 2
Asian (S. davidianus and T. sibiricus [Siberian chipmunk]) and
all but 3 North American marmotine taxa. Only 4 specimens
of appropriate age and tooth wear were available for A.
insularis, S. mollis artemesiae, and M. broweri (Alaska
marmot). Specimens were selected to sample the geographic
range of each North American taxon, given available material.
I selected only 1–3 specimens per species for Eurasian
Marmota and Spermophilus with no attempt for geographic
representation because of small available samples. Appendix I
lists all specimens ordered by clade, taxon, geographic
provenience, and museum collection.
Specimen documentation, measurement, and data transfor-
mation.—For most specimens, upper and lower cheek teeth on
1 side (left unless that tooth series was incomplete or
damaged) were digitally photographed in occlusal view along
with a scale through a Leica MZ8 stereoscope (Leica
Microsystems, Inc., Bannockburn, Illinois), with a separate
photo taken for each cheek tooth (5 upper and 4 lower). The
p4 also was photographed in buccal view. In a few cases, only
upper or lower cheek teeth were photographed on a given
specimen because the other series was damaged or missing. In
such cases, I photographed the missing series of an additional
specimen so that upper and lower series for each species were
represented by an appropriate sample size.
Dental photographs were entered into a FileMaker Pro
(http://www.Filemaker.com) database. Associated collection
data were downloaded electronically from the online mammal
collection database MANIS (http://manisnet.org) for speci-
mens from the University of Kansas (KU) and University of
Michigan (UMMZ) and entered manually for specimens in
other collections (Andrews University [AU], Field Museum of
Natural History [FMNH], Loma Linda University [LLU], and
National Museum of Natural History [NMNH]), and they were
linked to the specimen records in the photographic database.
Each specimen record in the photographic database was
output as a photographic collage that included a scale. The
tooth photographs were calibrated to the scale and digitally
measured to obtain the following variables: greatest mesio-
distal length of each upper and lower cheek tooth, upper tooth
width from the lingual margin of the protocone to buccal
margin of the paracone on P3–M3, lower tooth width across
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the trigonid on p4–m3, and, for specimens with unworn or
lightly worn p4, crown height of p4 from the base of the crown
at the junction of the 2 buccal roots to the apex of the
protoconid. Crown height of p4 was obtained from a buccal
photograph of the tooth; all other measurements were obtained
from occlusal photographs.
To facilitate interpretation, the set of highly correlated
dental measurements was reduced using principal component
analysis of log10-transformed occlusal measurements with
each specimen treated as a separate case. Crown height of p4
was not included in the lower principal component analysis
because it was only available for a subset of cases with
unworn to lightly worn teeth. Log10-transformed data were
used in principal component analysis because preliminary
graphical analyses showed much cleaner morphometric
separation of small-sized taxa when the original values were
transformed.
Separate principal component analyses were performed on
upper and lower dental variables, reducing each to 2
orthogonal factors that represent the 2 primary components
of variation (principal components 1 and 2 [PC1 and PC2,
respectively]) in the respective data sets. The biological
meaning of each component was inferred by inspecting
component loadings. If all original variables display high,
positive loadings on a given component, that component was
interpreted to reflect size. If some variables had relatively
high, positive loadings and other variables relatively high,
negative loadings on a given component, that component was
interpreted as a shape contrast between the 2 sets of variables.
Each principal component analysis employed all relevant
occlusal variables, thus a few specimens were excluded
because of missing data. Notably, all specimens of A. insularis
and T. striatus (eastern chipmunk) were excluded from the
upper principal component analysis because they lacked P3.
Upper and lower PC1 and PC2 were used as primary
variables in a variety of subsequent analyses. In addition, 2
simple ratios were computed from untransformed original
measurements to estimate specific aspects of shape: length of
p4/length of m1 (relative length of p4) and crown height/
length of p4 (relative crown height of p4). The former may be
taxonomically informative for Marmota (Gustafson 1978:19),
and the latter has been described qualitatively but never
quantitatively in previous morphological studies (Bryant
1945).
Data analyses.—The relationship between dental size
(derived from principal component analysis—see ‘‘Results’’)
and body mass was assessed. Body mass data were obtained
from Hayssen (2008b). I took the average of all adult body
mass values (females, males, and unspecified sex) given for
each species as representative for that species and regressed
dental size against log10-transformed body mass (transformed
to generate a linear relationship with dental size). I excluded 1
extreme outlier (body mass value for unspecified sex) when
computing average body mass for T. striatus.
Bivariate scatter plots of transformed variables (upper and
lower PC1 and PC2, relative length and crown height of p4)
were used to graphically characterize patterns of morphospace
occupancy within and among marmotine clades, in all cases
plotting the mean value for each taxon. A matrix scatter plot
was created to graphically test associations among dental
shape variables; those that showed plausible linear associa-
tions were tested statistically using Pearson correlation.
Because of significant associations found among shape
variables (see ‘‘Results’’), subsequent phylogenetic analysis
utilized 2 clearly independent variables: lower PC1 and PC2.
Two evolutionary analyses were performed: phylogenetic
analysis of odontometric evolution and an exploration of
odontometric distance versus estimated divergence time of
sister taxa. To facilitate phylogenetic analysis of odontometric
evolution, lower PC1 and PC2 were transformed to discrete
characters (5 states for PC1, 3 states for PC2) by manually
placing state boundaries within natural gaps in the distribution
of species’ means along each variable. Each taxon was
assigned the state appropriate to its mean value. MacClade
(Maddison and Maddison 2004) was used to map all most-
parsimonious reconstructions for each character onto maxi-
mum-parsimony and Bayesian reference phylogenies
(Figs. 1A and 1B), treating characters as ordered. I eliminated
polytomies before this analysis because MacClade can only
find all most-parsimonious reconstructions on dichotomous
trees. Polytomies in clades C1 and E (Fig. 1) were eliminated
by treating each as a single species because each clade was
invariant in the mapped characters. A more basal polytomy in
the Bayesian phylogeny (clades D-E-F, G, and H) was
eliminated by treating clade H alternatively as sister to clade
G or clade D-E-F.
To study odontometric evolution versus inferred time since
divergence of sister taxa, I calculated average odontometric
distances between sister taxa (see below) and obtained
estimated times of their divergence (million years ago) from
2 sources. Harrison et al. (2003) estimated divergence times
for most nodes within the crown of the maximum-parsimony
tree (clades C–H) based on mitochondrial cytochrome-b
sequence differences. Mercer and Roth (2003) provided
divergence estimates for deeper nodes within Marmotini
(nodes 6 and 7 in Fig. 1A) based on 3rd-codon changes in the
nuclear gene for interphotoreceptor retinoid-binding protein.
The odontometric distance between sister taxa at each node
was computed as the average of all pairwise, interclade
Euclidean distances between each species in 1 clade and each
species in its sister clade, using lower PC1 and PC2, upper
PC2, and relative crown height of p4 as input variables in the
distance calculation. For example, the morphometric distance
value at node 1 (Fig. 1A) was calculated as the average of all
pairwise, interclade Euclidean distances between each species
in clade G and each species in clade H. The association
between odontometric distance and estimated time of
divergence was analyzed graphically but not statistically,
because distance values obtained for each node were not
necessarily independent of values at other nodes (some species
were involved in calculating distances at multiple nodes). This
analysis was limited to nodes for which I had both
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morphometric data and divergence-time estimates and thus
included few nodes within clades C and E (limited by data in
Harrison et al. [2003]) and none within clades A and B
(limited by data in Mercer and Roth [2003] and my inability to
use T. striatus in distance calculations because it lacks P3).
RESULTS
Odontometric variation and morphospace occupancy.—
Separate principal component analyses performed on log10-
transformed upper and lower dental variables show that PC1
accounts for .94% of variation across marmotine species
(Table 1). All original variables exhibit high, positive loadings
on PC1 (.0.92 for all variables; Table 1), indicating that PC1
reflects structural size of the dentition. Both dental size
variables correlate well with log10-transformed adult body
mass (upper PC1: r2 5 0.93; lower PC1: r2 5 0.95) although
Cynomys and S. fulvus (yellow ground squirrel) have larger
dental structural size than expected based on body mass (lower
data shown in Fig. 2; upper data give similar pattern). When
these taxa are removed, the fit is better (r2 5 0.97 and 0.98,
respectively; Fig. 2).
In contrast, PC2 in each analysis represents a complex
occlusal shape variable. Inspection of component loadings for
upper dental variables indicates a contrast between size of P3
versus size of P4 to M2 (especially lengths of M1–M2); high,
positive loadings indicate a proportionally large P3, whereas
high, negative loadings indicate a proportionally small P3.
Component loadings for lower tooth variables show a contrast
between width of p4–m1 (especially p4) plus length of m3 on
the one hand, versus length of p4–m2 (especially m1–m2) on
the other (Table 1). High, positive loadings indicate propor-
tionately wide p4–m1 + elongate m3 relative to length of p4–
m2, and high, negative loadings indicate the reverse.
Marmotine clades show similar patterns of morphospace
occupancy in plots of dental shape versus size for upper and
lower teeth, with most clades occupying a relatively discrete
region of morphospace (Figs. 3A and 3B). Clades A–D fall
out within or adjacent to the lower left quadrant in both plots,
indicating small to moderate dental size (very small in clade B
[Tamias]), relatively small P3 compared to P4–M2 (markedly
so in clade A [Sciurotamias]), and relatively narrow p4–m1 +
shortened m3 compared to length of p4–m2. Clades C
(Ammospermophilus and Otospermophilus in part) and D
(Otospermophilus in part and Callospermophilus) each exhibit
2 subclades that differ in tooth size and shape. Clade E
(Marmota) falls out in the lower right quadrant, exhibiting
very large size but broadly resembling clades A–D in tooth
shape. Compared to others in clade E, M. broweri displays low
values on upper PC2 (Fig. 3A).
Most taxa within clades F (Eurasian subgenus Spermophi-
lus) and G (North American subgenus Spermophilus) occupy
the top, left quadrant of principal component plots, indicating
small to moderate dental size, relatively large P3 compared to
P4–M2 (Fig. 3A), and relatively wide p4–m1 + elongate m3
compared to length of p4–m2 (Fig. 3B). However, compared
to other members of their respective clades, S. fulvus and S.
parryii are substantially larger in dental size, whereas S.
xanthoprymnus (Asia Minor ground squirrel), S. undulatus
(long-tailed ground squirrel), and S. parryii (arctic ground
squirrel) exhibit substantially lower values on lower PC2
FIG. 2.—Relationship between dental structural size (lower
principal component 1) and published average body mass estimates
(Hayssen 2008b) across marmotine species. Species means are
plotted. Best-fit lines are determined for the total sample (solid line)
and with Cynomys and Spermophilus fulvus excluded (dashed line).
TABLE 1.—Variance explained and component loadings, principal




% loadings % loadings
P3–M3 Variance explained 94.8 3.8
Length P3 0.94 0.34
Width P3 0.93 0.37
Length P4 0.98 20.10
Width P4 0.99 0.02
Length M1 0.96 20.25
Width M1 0.98 20.05
Length M2 0.97 20.23
Width M2 0.99 20.06
Length M3 0.99 0.02
Width M3 1.00 20.03
p4–m3 Variance explained 96.3 2.6
Length p4 0.99 20.10
Trigonid width p4 0.95 0.29
Length m1 0.97 20.24
Trigonid width m1 0.99 0.09
Length m2 0.98 20.20
Trigonid width m2 1.00 0.02
Length m3 0.98 0.12
Trigonid width m3 1.00 0.02
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(Fig. 3B). Subclades G1 and G2 (small-eared and large-eared
ground squirrels, respectively [Harrison et al. 2003]) exhibit
nonoverlapping size variation, with the latter always the
larger. S. mollis mollis and S. washingtoni (Washington ground
squirrel) diverge from other small-eared ground squirrels, in
opposite directions, on lower PC2 (Fig. 3B).
Clade H occupies 2 highly disjunct regions of morphospace.
All members assigned to subgenera of Spermophilus (sub-
clades H1 [Ictidomys in part], H2 [Poliocitellus], and H3A
[Ictidomys in part and Xerospermophilus]) exhibit small to
moderate dental size, and most display intermediate values on
upper and lower PC2 (Figs. 3A and 3B). In contrast, species of
Cynomys (subclade H3B) occupy the top, right quadrant of
both upper and lower principal component plots, indicating
large dental size, large P3 relative to P4–M2 (Fig. 3A), and
wide p4–m1 + elongate m3 relative to length of p4–m2
(Fig. 3B).
Marmotine clades show a similar distribution pattern in a
plot of relative crown height versus size (Fig. 3C), although
taxa of small ground squirrels show less variation in relative
crown height than in upper and lower PC2 and more overlap
between clades G and H. A striking contrast is evident
between the 2 taxa with largest dental size: Cynomys (subclade
H3B) has great relative crown height, whereas Marmota (clade
E) displays very low relative crown height.
Clade E (Marmota) exhibits a relatively elongate p4
(Fig. 3D). This variable displays a strong, positive association
with tooth size (r 5 0.76, P , 0.001, n 5 65), thus the
elongate p4 may simply track large size in this genus. M.
flaviventris (yellow-bellied marmot) and M. marmota (alpine
marmot) display particularly elongate p4 (Fig. 3D). Clade F
(Eurasian Spermophilus) exhibits great variability on this
character (note contrast between S. erythrogenys [red-cheeked
ground squirrel] and S. xanthoprymnus; Fig. 3D).
Correlations among dental shape variables within
Marmotini.—Upper and lower PC2 are tightly correlated
(Fig. 4A), exhibit strong association with relative crown
height of p4 (Figs. 4B1 and 4B2), and display weaker but
significant association with relative length of p4 (Figs. 4C1
and 4C2). Thus, taxa with relatively large P3, wide p4–m1,
and elongate m3 (high, positive values on upper and lower
PC2) tend to have relatively high-crowned and elongate p4.
(Clade E [Marmota] is the exception on the latter variable,
displaying an elongate p4 despite relatively low values on
upper and lower PC2.) Relative length of p4 shows no
association with crown height of p4, again because of the
position of clade E (Fig. 4C3).
Dental shape plots confirm the morphometric distinctive-
ness of Sciurotamias (clade A; Fig. 4A), Cynomys (Figs. 4B1
and 4B2), and Marmota (clade E; Figs. 4C1–C3) evident in
FIG. 3.—Scatter plots of dental shape (principal component 2 [PC2]) versus size (PC1) obtained from principal component analyses of A)
upper and B) lower cheek teeth. C) Relative crown height and D) relative length of p4, likewise plotted against size (lower PC1). Species means
are plotted. Specific taxa discussed in the text are labeled.
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Fig. 3. Dental shape plots also demonstrate that some species
of Eurasian Spermophilus (clade F) exhibit relatively elongate
p4 compared to other shape variables (Figs. 4C1–C3).
Evolutionary patterns in odontometric variation.—Dental
size (lower PC1) maps ambiguously on DNA-based maxi-
mum-parsimony and Bayesian phylogenetic trees (Figs. 1A
and 1B), yielding 6 and 8 equally parsimonious character
reconstructions, respectively. Nevertheless, all character
reconstructions point to small to moderate dental size at the
base and along most interior branches of Marmotini (all
ambiguity in character reconstruction involves uncertain
placement of small to moderate dental size); very small size
as derived for Tamias (clade B); the independent evolution of
large to very large dental size in Marmota (clade E), Cynomys
(clade H3B), and S. fulvus (within clade F); and occurrence of
3 or 4 size reductions across clades F and H.
Tooth shape (lower PC2) likewise maps ambiguously on
maximum-parsimony and Bayesian trees (8 and 3 equally
parsimonious character reconstructions, respectively), with
illustrative reconstructions figured (Figs. 1A and 1B). All
character reconstructions place relatively narrow p4–m1 +
shortened m3 (PC2  20.3) basal to Marmotini, and they
indicate that more derived states (intermediate to high values
on PC2) appear no earlier than the common ancestor of clades
F–H. Character reconstructions for the evolution of highly
derived dental shapes (PC2 . 0.3; Fig. 1) range from a single
origin at the base of clades F–H with multiple subsequent
reversals (1 maximum-parsimony reconstruction) to 4 con-
vergent origins (depicted in Fig. 1; all Bayesian and some
maximum-parsimony reconstructions).
Average odontometric distances between sister taxa at
nodes in the maximum-parsimony phylogeny (Fig. 1A) show
graphically positive association with estimated divergence
times published elsewhere (Harrison et al. 2003; Mercer and
Roth 2003; Fig. 5). Distance values from nodes within clades
C–E typically fall below the best-fit line, whereas values from
nodes within clades G and H scatter on both sides of the best-
fit line. Exceptionally high distance values per estimated
divergence time are evident for 3 nodes (Fig. 5): the
divergence of S. parryii from its sister taxon (S. elegans
FIG. 4.—Matrix scatter plot showing associations among shape variables. Species means are plotted.









al/article/90/4/1009/847227 by guest on 22 February 2021
[Wyoming ground squirrel] + S. richardsonii [Richardson’s
ground squirrel]), Cynomys from its sister taxon (clade H3A),
and Marmota from higher ground squirrels (clade F-G-H).
DISCUSSION
Odontometric variables may serve as proxies for ecologi-
cally important attributes that vary across the clade. Dental
structural size (upper and lower PC1) shows strong correlation
with body mass across marmotine species (Fig. 2), even
though the 2 data sets were from different sources (this study;
Hayssen 2008b). Body mass has significant implications for
the physiology and ecology of mammals in general (Eisenberg
1990; McNab 1990) and marmotine squirrels in particular.
Armitage (1981) showed that body mass correlated signifi-
cantly with a variety of life-history traits across marmots and
ground squirrels, and Hayssen (2008a) found that body mass
was important in the diversification of reproductive patterns
within the clade. Thus, the ability to broadly infer body mass
from dental structural size may be important for paleobiolog-
ical studies of the clade. The departure of Cynomys and S.
fulvus from the best-fit line (Fig. 2) suggests that this
relationship should be applied with caution to extinct species.
Measures of dental shape correlate well with broad dietary
strategy across taxa as divergent as carnivores and rodents
(Evans et al. 2006), and finer-grained dental shape variation
within and across marmotine clades may have functional
significance. Much dental shape variation across Marmotini
may reflect adaptations to diets that vary in abrasiveness. The
derived states for upper PC2 (relatively enlarged P3) and lower
PC2 (relatively wide p4–m1 + elongate m3) both function to
increase dental surface area, likely adaptive for consuming
abrasive foods. Increased crown height also may be adaptive
for consuming abrasive grasses (Williams and Kay 2001).
These shape attributes covary significantly across marmotine
species (Fig. 4), consistent with a functional complex under
common directional selection, although alternative explana-
tions exist. For example, putatively independent dental features
may share a common genetic basis (Kangas et al. 2004).
Furthermore, the diet of the most dentally derived marmotines,
Cynomys, is more grass-dominated than characteristic of many
other marmotines (Hoogland 1996; Pizzimenti and Hoffmann
1973). A rigorous test of this hypothesis will require assembly
of food preferences along with dental morphometric data
across a wide range of species and may be complicated by
dietary opportunism common to the clade.
Quantitative variation in dental shape documented in this
study is broadly congruent with previous qualitative studies,
which noted relatively small P3 and low-crowned teeth in
Tamias, Ammospermophilus, Otospermophilus, and Callosper-
mophilus but relatively large P3 and high-crowned teeth in
Spermophilus and Cynomys (Bryant 1945; Howell 1938).
However, contrary to Bryant (1945), Marmota does not
exhibit high-crowned teeth (Fig. 3D).
The odontometric placement of and variation within
Eurasian Spermophilus (clade F) deserves comment. The
clade broadly overlaps the morphospace occupied by North
American Spermophilus (clade G), consistent with their
inclusion in a single subgenus (Hall 1981). However, several
species have relatively elongate p4 compared to other shape
variables, a condition distinct from that of other ground
squirrels (Figs. 4C1–C3). In addition, 2 species are highly
divergent in plots of dental shape versus size. S. xanthoprym-
nus exhibits relatively narrower p4–m1 and shortened m3 and
relatively short p4 (Figs. 3B and 3D), whereas S. fulvus is
much larger in size, approaching Cynomys in dental morpho-
space (Figs. 3A and 3B). The latter observation, combined
with similarities between these taxa in the dental size–body
mass relationship (Fig. 2), suggests convergence between S.
fulvus and Cynomys and may explain why some early workers
placed S. fulvus within Cynomys (Kashkarov and Lein 1927).
Unfortunately, all members of clade F are represented by very
small samples in my analysis (Appendix I), thus morphometric
descriptions given above should be tested with larger samples.
Superimposing odontometric data onto molecular phylog-
enies (Fig. 1) supports inferences about patterns in the
deployment of extant marmotine taxa across dental morpho-
space. Small to moderate dental structural size, relatively
small P3, relatively narrow p4–m1 and short m3, and low-
crowned teeth were probably ancestral for the clade. Patterns
of dental size evolution along early branches in the marmotine
radiation remain unclear (although all reconstructions indicate
small to moderate dental size), but large to very large size was
attained independently at least 3 times (Marmota, S. fulvus,
and Cynomys; Fig. 1), and size reductions occurred in several
independent lineages (Fig. 1).
FIG. 5.—Scatter plot of average odontometric distances between
sister clades, and the corresponding divergence times estimated for
nodes in the maximum-parsimony phylogenetic tree (Harrison et al.
2003; Mercer and Roth 2003; Fig. 1A). Divergence events within
clades are symbolized; numbered data points correspond to deep
nodes in the maximum-parsimony tree (Fig. 1A). Specific taxon
divergence events treated in text are labeled.
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Similarly, although primitive reconstructions for dental
shape are clear, the subsequent evolutionary history of these
traits remains ambiguous. In particular, derived states (high
values on lower PC2) that are characteristic of S. mexicanus
parvidens + S. tridecemlineatus, Eurasian Spermophilus,
North American Spermophilus, and Cynomys may represent
multiple convergences or an early origin with multiple
reversals. Fossil evidence is most consistent with the former
because most Miocene squirrels of North America have the
primitive dental shape complex, reflected, for example, in the
tendency to place most fossil species in the dentally
primitive subgenus Otospermophilus (Black 1963). This
implies relatively late, and likely convergent, origin of
derived dental shapes, perhaps driven by exploitation of
grassland-dominated ecosystems that expanded during the
late Cenozoic (Potts et al. 1993).
The relationship between odontometric distance between
sister clades and estimates of DNA-based divergence suggests
that dental form evolved very roughly in a ‘‘clocklike’’
manner (Fig. 5), but some taxa diverged morphologically at
particularly high rates. The high rate of change during the
origin of Marmota was driven mostly by substantial increase
in size, moving this genus into a morphospace, and
presumably an ecological role, novel for the clade. High rates
of change during the origin of Cynomys involved both an
increase in structural dental size and substantial change in
dental shape (much enlarged P3, widened p4–m1, elongate
m3, and greatly increased crown height; Figs. 3A–C). Indeed,
Cynomys is the most dentally derived of all marmotines,
especially when compared with its putative sister clade (H3A).
Considerable dental size and shape change likewise charac-
terize the divergence of S. parryii from its sister species
(Figs. 3A and 3B), an example of rapid morphological
evolution that occurred relatively recently (molecular estimate
of divergence 5 1.3 million years ago [Harrison et al. 2003]).
Two findings from the present study have implications for
use of dental morphometric data in systematic studies of this
clade. First, both dental size and dental shape are significantly
homoplastic across maximum-parsimony and Bayesian trees.
Because both likely are under selection by forces that vary
substantially across space and time, homoplasy is not
surprising. Second, the strong correlation among plausibly
independent dental shape variables across the clade compli-
cates the use of apparently distinct characters (e.g., relative
size of P3 and relative crown height of p4) as independent
variables in phylogenetic analysis.
The present study, although focused on extant marmotine
ground-dwelling squirrels, has implications for paleontologi-
cal investigations. It provides a robust odontometric frame-
work to assist interpretation of fragmentary fossils, gives
justification for the cautious inference of body size (and
perhaps correlated attributes) for fossil material, and suggests
a number of testable hypotheses that fossil evidence may bear
on. For example, fossils may help resolve the basal state of
dental size (small or moderate), the origin of derived shapes in
clades F–H (shared derived or convergent), and the tempo and
mode of dental evolution during the recent divergence of S.
parryii (gradual or punctuated).
In sum, this study provides the 1st broad-based investiga-
tion of odontometric variation across the tribe Marmotini and
offers insights into the nature and pathways of dental
evolution within the clade. It also demonstrates the value of
detailed morphometric investigations framed by molecular
phylogenies and provides a robust context for study of fossil
marmotines.
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APPENDIX I
Specimens examined.—All specimens examined ordered by clade
and subclade (Fig. 1), genus (subgenus), species, country, state or
province (North American records), and museum acronym. Standard
abbreviations are used for Canadian provinces and United States
states. Abbreviations used for states of Mexico: BS 5 Baja California
Sur; CI 5 Chihuahua, CU 5 Coahuila, DF 5 Distrito Federal, GR 5
Guerrero, JA 5 Jalisco, MH 5 Michoacan, SO 5 Sonora, VZ 5
Veracruz. A few specimens have inadequate collection data and are
listed as UNK (unknown state).
Clade A.—Sciurotamias davidianus. China: FMNH25453,
FMNH25455, FMNH32981, FMNH45963, FMNH45964.
Clade B.—Tamias (Eutamias) sibiricus. South Korea: KU60404,
KU60407; Russia: KU121370, KU139046, KU139047. T. (Neota-
mias) amoenus. USA–CA: KU46153; ID: KU41494; OR: KU149878;
WA: KU142443; WY: KU32955. T. merriami. USA–CA: KU233,
KU131913, KU142475, KU142477, KU142478. T. minimus. Can-
ada–AB: KU42671; USA–MN: KU68195; MT: KU142526; NM:
KU149965; NV: KU133310. T. quadrivittatus. USA–CO: KU132291,
KU132306, KU140973; NM: KU5884, KU150009. T. townsendii.
USA–OR: KU50380, KU156988, KU163093; WA: KU173,
KU142459. T. (Tamias) striatus. Canada–ON: KU94635; USA–AR:
KU10095; OH: KU154163; TN: KU130420; VA: KU68598.
Clade C (C2).—Ammospermophilus harrisii. Mexico–SO:
KU95267; USA–AZ: KU160101, KU160104, KU160109,
UMMZ108131, UMMZ77502. A. insularis. Mexico–BS:
NMNH146774, NMNH146775, NMNH146781, NMNH146786. A.
interpres. Mexico–CI: KU82425, KU82426; USA–NM: KU131708,
KU58966, NMNH119909. A. leucurus. Mexico–BS: KU94378;
USA–AZ: UMMZ65970; CA: UMMZ108235, UMMZ66427; NV:
KU18636; UT: KU11430. A. nelsoni. USA–CA: KU149464,
KU149465, KU149466, KU34538, KU34539.
Clade C (C2).—Spermophilus (Otospermophilus) adocetus. Mex-
ico–GR: KU28444; JA: KU111664, KU111665, KU111667; MH:
KU38349. S. annulatus. Mexico–JA: KU103734, KU109121,
KU109125, KU111663, KU39752.
Clade D (D1).—Spermophilus (Callospermophilus) lateralis. USA–
AZ: UMMZ56217, UMMZ56221; CA: UMMZ56217, UMMZ56221;
CO: UMMZ56239; ID: UMMZ78004; NM: UMMZ108207; WA:
UMMZ58745; WY: UMMZ62045; UNK: AU355, AU356. S.
madrensis. Mexico–CI: KU73621, KU73624, KU81088, KU81090,
NMNH95353, NMNH95358. S. saturatus. USA–WA: UMMZ54618,
UMMZ58110, UMMZ58111, UMMZ88514, UMMZ95780.
Clade D (D2).—Spermophilus (Otospermophilus) atricapillus.
Mexico–BS: NMNH139744, NMNH139746, NMNH139748,
NMNH79086, NMNH79087. S. beecheyi. USA–CA: LLU(REG)253,
UMMZ108102, UMMZ108103, UMMZ108109, UMMZ59694; OR:
UMMZ58153, UMMZ59708; UNK: AU363. S. variegatus. Mexico–
MH: UMMZ91884; SO: UMMZ75251; USA–AZ: UMMZ108350,
UMMZ64000; NM: UMMZ108353, UMMZ108354; TX:
UMMZ79331, UMMZ89994.
Clade E.—Marmota broweri. USA–AK: KU50417, KU50418,
NMNH290273, NMNH290274. M. caligata. Canada–YT:
NMNH146358; USA–AK: NMNH131437; MT: NMNH72226;
WA: UMMZ54707, UMMZ58166. M. caudata . India:
NMNH173380, NMNH35497, NMNH62112. M. flaviventris. USA–
CA: KU142877; CO: UMMZ57070; MT: KU123637; NM: KU7155;
NV: KU45897; SD: KU112536; UT: UMMZ77936; WA:
UMMZ59712, UMMZ59713; WY: UMMZ65541. M. himalayana.
China: NMNH62121; India: NMNH259438, NMNH84105. M.
marmota. France: NMNH153386; Switzerland: NMNH115220. M.
monax. Canada–BC: KU28632; NL: NMNH291554; USA–AL:
NMNH203286; KS: KU134367; KY: KU149581; MI:
UMMZ125072, UMMZ170527; ND: UMMZ53830; NH: KU8570.
M. olympus. USA–WA: KU120010, KU120011, KU120012,









al/article/90/4/1009/847227 by guest on 22 February 2021
NMNH241947, NMNH242102. M. sibirica . Mongolia:
NMNH259440, NMNH268752.
Clade F.—Spemophilus (Spermophilus) citellus. Hungary:
NMNH248103; Turkey: NMNH327293. S. dauricus. China:
NMNH155197, NMNH199621, NMNH240734. S. erythrogenys.
Russia: NMNH251638, NMNH254948. S. fulvus . Iran:
NMNH354520. S. musicus. Ukraine: NMNH251636. S. suslicus.
Russia: NMNH13331. S. xanthoprymnus. Turkey: NMNH327276,
NMNH327277, NMNH327290.
Clade G (G1).—Spermophilus (Spermophilus) brunneus. USA–ID:
KU45926, KU45929, KU45935, KU45936, KU45938,
NMNH201726, NMNH201729, NMNH201730, NMNH202410,
NMNH265911. S. canus. USA–NV: NMNH78307; OR: KU131477,
KU131478, KU131479, NMNH78668, NMNH78671, NMNH78680,
NMNH80282, UMMZ54663, UMMZ54667. S. mollis artemesiae.
USA– ID: NMNH307 93 , NM NH3 090 8 , UMM Z78 833 ,
UMMZ78834. S. m. idahoensis. USA–ID: NMNH169580,
NMNH171281, NMNH179642, NMNH179643, NMNH181157,
NMNH181160, NMNH201600, NMNH201601. S. m. mollis. USA–
CA: NMNH41568, NMNH66378; ID: NMNH30470, NMNH30507;
NV: NMNH54528, UMMZ87790, UMMZ87791; OR:
NMNH208130; UT: NMNH133073, UMMZ108315. S. m. nancyae.
USA–WA: KU131556, KU131558, KU131573, KU139142,
KU139146. S. townsendii. USA–WA: KU131584, KU131585,
KU131607, KU131608, NMNH235738, NMNH235744,
NMNH89319, NMNH89321. S. washingtoni . USA–OR:
NMNH78189, NMNH78393, NMNH78593; WA: NMNH40075,
NMNH89759, UMMZ54635, UMMZ54637, UMMZ54639,
UMMZ54641, UMMZ54734.
Clade G (G2).—Spermophilus (Spermophilus) armatus. USA–MT:
KU130567, NMNH67213, NMNH67214; UT: NMNH203737,
NMNH87783, UMMZ108064, UMMZ108067; WY: UMMZ65687,
UMMZ65702, UMMZ65707. S. beldingi. USA–CA: NMNH108992,
NMNH108999, UMMZ108089; ID: NMNH203497, NMNH205787;
NV: NMNH272027, UMMZ87785; OR: UMMZ54662; UNK:
AU243, AU246, AU249. S. columbianus . Canada–BC:
UMMZ58151, UMMZ58152; USA–ID: UMMZ108121,
UMMZ59545; MT: NMNH41367, NMNH72817, UMMZ57977;
OR: UMMZ54673; WA: NMNH233218, UMMZ53873. S. elegans.
USA–CO: UMMZ56939, UMMZ56942; ID: UMMZ162548,
UMMZ80313; MT: NMNH161510, NMNH247284, NMNH250459;
NV: NMNH94292, UMMZ87795, UMMZ87796; OR:
NMNH247767, NMNH247768; WY: UMMZ65681, UMMZ65685,
UMMZ87353. S. parryii. Canada–NT: UMMZ94118, UMMZ94119;
YT: UMMZ158162, UMMZ158164; USA–AK: UMMZ146834,
UMMZ94106, UMMZ94107. S. richardsonii. Canada–AB:
NMNH68750, NMNH69231, UMMZ92691; MB: UMMZ103265;
USA–MN: NMNH398240, NMNH398241; MT: UMMZ162551,
UMMZ83643; ND: UMMZ105204, UMMZ53282. S. undulatus.
Mongolia: NMNH259717; Russia: NMNH175286, NMNH175293.
Clade H (H1).—Spermophilus (Ictidomys) mexicanus mexicanus.
Mexico–DF: KU17906, NMNH50096; JA: KU30985, KU30986,
KU38327. S. m. parvidens. Mexico–CU: KU55466; USA–NM:
NMNH48359; TX: NMNH31159, UMMZ58055, UMMZ79346. S.
tridecemlineatus . Canada–SK: UMMZ83634; USA–MI:
UMMZ32797, UMMZ33689; MN: UMMZ42872; MT:
UMMZ87358; ND: UMMZ105212, UMMZ53846; NE: KU77945;
NM: UMMZ108334; OK: UMMZ76201.
Clade H (H2).—Spermophilus (Poliocitellus) franklinii. Canada–
SK: UMMZ83626, UMMZ83627; USA–IA: UMMZ34917; IL:
UMMZ76249; MN: UMMZ55610; NE: UMMZ68296.
Clade H (H3A).—Spermophilus (Ictidomys) perotensis. Mexico–
VZ: KU30003, KU30004, KU30006, NMNH54263, NMNH54264. S.
spilosoma. Mexico–JA: KU103744; USA–AZ: UMMZ108290,
UMMZ66358; KS: KU3454; NM: UMMZ92750; TX: UMMZ66875,
UMMZ66877. S. (Xerospermophilus) mohavensis. USA–CA:
NMNH192752, NMNH192753, NMNH22732, NMNH40847,
NMNH40851. S. tereticaudus. Mexico–SO: UMMZ53961,
UMMZ53962; USA–AZ: UMMZ61718; CA: UMMZ56092,
UMMZ98668.
Clade H (H3B).—Cynomys (Cynomys) ludovicianus. USA–CO:
KU127066; KS: KU12001; MT: KU123277; NM: KU149477; OK:
KU9426; SD: KU116380; TX: KU127925, KU81884. C. mexicanus.
Mexico–CU: KU33097, KU34576, KU34929; NL: KU100423,
KU100424. C. (Leucocrossuromys) gunnisoni. USA–AZ:
UMMZ65919; CO: KU123843, KU126852, UMMZ56956; NM:
KU5740, UMMZ108028. C. leucurus. USA–CO: KU126735,
KU145455; UT: KU123850; WY: KU126916, KU20932,
KU91095. C. parvidens. USA–UT: KU127966, KU149491,
KU149493, UMMZ108038, UMMZ108040.
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